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ABSTRACT 
The program objective fs t o  invest igate  the  deformation processes 
involved i n  forging of polycrystall ine oxide ceramics. A combination of 
mechanical t e s t i n g  and forging a r e  planned. 
An extensive review of t h e  l i t e r a t u r e  on the deformation and high 
temperature f rac ture  of the  refractory oxides w a s  made; t h i s  suggested t h a t  
i n i t i a l  e f f o r t s  be directed toward forging of f i n e  grained A1203 and on 
MgO a t  high temperatures. 
I n i t i a l  mechanical t e s t  r e su l t s  on A l  0 revealed more extensive s t r a i n  2 3  hardening than had been anticipated,  a s t rong Bauschinger e f f ec t  and a 
suggestion of a y ie ld  e f f ec t .  
with regard t o  grain boundary s l id ing  and dis locat ion mechanisms. 
The implications of these r e su l t s  are discussed 
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I. INTRODUCTION 
There have been severa l  investigations i n t o  the  hot working of 
c rys t a l l i ne  ceramic oxides i n  the  l a s t  several  years. 
these have been moderately successful, there  a r e  s t i l l  s ign i f icant  problems 
r e su l t i ng  from limited understanding of t he  high temperature deformation and 
f r ac tu re  of the  oxides. It i s  the objective of t h i s  program t o  invest igate  
the  forging of several  refractory oxides i n  order t o  provide a greater  
capabi l i ty  i n  t h e i r  deformation processing. Therefore, the pa r t i cu la r  
objectives of the  program can be s ta ted b r i e f l y  a s  follows : 
Although several  of 
1) Understanding of the  deformation and f rac ture  behavior 
necessary f o r  forging ceramic oxides, 
2) Successful forging of flaw-free bodies with useful  
properties,  
3) The possible development of unique or  otherwise 
d i f f i c u l t  t o  obtain properties a s  the  r e s u l t  of hot 
working. 
Hot forging, extrusion and r o l l i n g  have been u t i l i zed  by several  
investigators.* 
Hunt and eo-workers a t  Nuclear Metals and w i t h  Rice of Boeing. Although crack- 
f ree  extrusion of MgO and other r e l a t ive ly  duc t i l e  oxides have been obtained, 
the high s t r a i n  r a t e s  and rap id  cooling rate are problems and have contributed, 
i n  pa r t ,  t o  t he  failure t o  obtain sound extrusions of the l e s s  duc t i l e  
materials such a s  Al203. 
t he  successful upset forging (press forging) of many refractory oxides, 
including several ,  such as Al2O3, which have not been successfully extruded. 
Promising r e s u l t s  have a l s o  been obtained i n  shape forging of Al2O3.3 
r o l l i n g  has been more l imited although some success has been obtained i n  
densif icat ion of MgO powder4 and with materials with a glassy phase.l  
addition, t e extrusion of refractory carbides has been accomplished by Dolloff 
Successful extrusions of several  oxides have been made by 
Vasilos and co-workers2 a t  Avco have demonstrated 
Hot 
I n  
and Probst. 9 
The r e s u l t s  of the  i n i t i a l  e f fo r t s  have been encouraging and have 
indicated t h a t  hot working should provide an extension of present forming 
capab i l i t i e s  and a l so  can provide improved propert ies  i n  the re f rac tory  oxides. 
Property improvements can be reasonably expected i n  a number of areas  as a 
r e s u l t  of high density, microstructural  and crystallographic texture  and 
perhaps retained dis locat ion substructure. Moderate increa es i n  s t rength 
demonstrated. 
r e s u l t i n g  i n  transparency i n  a number of oxides .2 
from forging r e su l t s  i n  transpar ncy i n  A l ~ 0 3 ~  and i n  high values of magnetic 
r e su l t i ng  from extrusion of MgOl  and upset forging of A1203 3 have been 
permeability i n  barium f e r r i t e s .  % 
Upset forging has been used t o  obtain theore t ica l  density 
Crystallographic texture  
Although r e s u l t s  of t h i s  type are encouraging s ignif icant  problems 
s t i l l  exist. Hot t ea r ing  and cracking severely l i m i t  reductions on extensions. 
* Good reviews of e f f o r t s  i n  the  hot working of ceramics can be found 
in t h e  a r t i c l e s  by R.W. Rice.1 
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obtainable and r e s u l t  i n  flaws i n  hot worked pieces.  
understanding of t h e  mechanical behavior of ceramics and the  response t o  
combined thermal and mechanical treatments l imited property improvements 
obtainable by hot working. 
Lack of complete 
The bas ic  approach of t h i s  program w i l l  be t o  correlate  controlled 
forging experiments with the  basic mechanical properties of ceramic mater ia ls .  
Although ex is t ing  information on the deformation and f rac ture  of ceramics 
w i l l  be used where it exists, there i s  only a l imited amount of information 
avai lable  on the  deformation of ceramics at high strains and on h igh  
temperature f rac ture .  
conjunction with forging. 
using the  r e s u l t s  of previous forging e f f o r t s  t o  indicate  necessary information. 
Therefore, basic  mechanical t e s t i n g  will be done i n  
The i n i t i a l  e f f o r t  w i l l  be on mechanical t e s t i n g  
The primary e f f o r t  will be with A1203 and MgO since these a re  avai lable  
i n  high qua l i ty  bodies and there  is considerable experience i n  fabr ica t ing  
them, and comparative base-line information i s  avai lable  on propert ies  and 
microstructures r e su l t i ng  from conventional fabr ica t ion  techniques. 
consideration will be given t o  M a 2 0 4  (sp ine l )  and other compositions i n  
the  MgO-Al203 system t o  provide information about mixed oxides and multi-  
phase systems. 
Umited 
11. TECHNICAL APPROACH 
Much of t h e  work t o  date  on the  hot working of ceramic oxides has 
necessar i ly  been of an empirical nature. 
there  has by now been enough work done t o  suggest a number of problem areas  
which must be given bas ic  consideration i n  order t o  allow a more sophisticated 
approach t o  deformation processing of oxides and t o  the  development of 
desired propert ies .  
and will be discussed b r i e f l y  followed by an out l ine of t h e  basic  approach 
t o  be used i n  the  program. 
Although r e su l t s  have been encouraging, 
The most c r i t i c a l  problem areas have been iden t i f i ed  
A. Problem Areas 
Most of the  c r i t i c a l  problems can be divided i n t o  three broad areas  
for cois iderat ion.  The first,  and most serious,  i s  the  problem of hot 
tear ing ,  cracking and cavitation; t h i s  i s  re la ted  both t o  the problem of 
l imited d u c t i l i t y  of some materials and t o  a l imited knowledge about duc t i l e  
f rac ture  i n  even the  most duc t i l e  ones. The second area f o r  consideration 
is  t h e  r a the r  broad area of microstructural  control  r e su l t i ng  from grain 
growth, s t r a i n  induced boundary migration and recrys ta l l iza t ion .  The t h i r d  
area includes the  engineering and equipment problems associated with high 
temperature processing including chemical compatibility, tool ing design and 
temperature control.  
The problems of l imited formability, high re jec t ion  r a t e s  and micro- 
s t r u c t u r a l  degradation from flaws and cracks have been pa r t i cu la r ly  severe 
i n  hot working t o  date.  The application of bas ic  metalworking technology 
i s  severely l imited by incomplete understanding of the  flow and f rac ture  
mechanisms and of r e l i a b l e  data  on the  propert ies  of par t icu lar  oxides. 
Although the  basic  deformation mechanisms have been ident i f ied  f o r  the oxides 
the re  i s  s t i l l  considerable controversey concerning the  r e l a t i v e  importance 
of various of them over broad ranges of temperature, stress and s t r a i n .  Much 
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of the  work has been done a t  low s t r a ins  and the  behavior a t  high s t r a i n s  
has not been characterized. General conclusions about deformation mechanisms 
have been drawn from t h i s  low s t r a i n  work and the  danger of extrapolat ing 
t h i s  behavior t o  high s t r a i n s  has not been given suf f ic ien t  a t ten t ion .  
The problem of high temperature f rac ture  of ceramics has received 
l e s s  a t t en t ion  than yielding behavior. 
l imited d u c t i l i t y  involving fa i lure  t o  s a t i s f y  the  von Mises condition 
requir ing f i v e  s l i p  systems has been observed, the broad conditions fo r  which 
t h i s  condition dominates a re  not yet c lear ,  especial ly  f o r  A1203. 
intergranular  cracking has been frequently observed under conditions where 
the  problem of insuf f ic ien t  s l i p  systems w a s  not thought t o  be dominant. 
Although the  obvious embrittlement r e su l t i ng  from weak or  low temperature 
second phases has been frequently seen, the e f f ec t s  of smaller amounts of 
impurit ies within t h e  nominal so lub i l i t y  l i m i t s  a re  not known. 
i s  t h a t  some of the  po ten t i a l  f a i lu re  mechanisms have been ident i f ied ;  
however, there  does not yet ex i s t  a broad understanding of f a i l u r e  i n  ceramic 
oxides nor a r e  there  available f racture  c r i t e r i a  r e l a t ing  the  var iables  of 
temperature, s t r e s s ,  s t r a i n  and s t r a i n  r a t e  t o  microstructural  var iables .  
Although it i s  expected t o  be many years before a unified f rac ture  c r i t e r i a  
i s  developed f o r  these materials,  a greater  understanding than i s  present ly  
avai lable  i s  e s sen t i a l  a t  t h i s  time. 
Although fracture  associated wi th  
I n  addition, 
The r e s u l t  
The type of information which must be made available f o r  appl icat ion 
t o  forging problems includes def ini t ion of the  conditions under which 
d u c t i l i t y  i s  too  l imited t o  be useful,  understanding of the  cause and 
prevention of grain boundary cracking and cavi ta t ion which r e s u l t  i n  eventual 
hot tear ing  of the  mater ia l  and degradation of subsequent mater ia l  properties,  
rates of s t r a in  hardening and the  e f f ec t  on neck resis tance and f rac ture ,  
and f i n a l l y  the effectiveness of s t r a i n  rate s e n s i t i v i t y  i n  providing neck 
resis tance.  
cons t i t u i t i ve  equations which can be used i n  subsequent analysis  of t he  
flow conditions i n  the forgings. 
and r e l i a b i l e  data f o r  t he  par t icu lar  materials t o  be used a re  necessary. 
This type of information i s  necessary i n  order t o  develop 
Therefore, both mechanistic understanding 
The problem of grain boundary cavi ta t ion  may prove t o  be one of the 
most ser ious and d i f f i c u l t  t o  prevent. 
i n  t he  shape forging of cones and hemispheres of A120 where intergranular  
cracking and cavi ta t ion lowered the densi ty  from near ? y theo re t i ca l  t o  as 
l a w  as 60-65$, but caused only very l imited macroscopic tear ing  or  cracking; 
forging of a s imilar  piece under nominally similar conditions resu l ted  i n  no 
loss  of density.  The causes f o r  the differences m e  not known, but cannot 
be simply wr i t ten  off  t o  lack of duc t i l i t y .  
severe i n  t h a t  small amounts of intergranular cracking may be qui te  deleter ious 
t o  t h e  low temperature properties of forged mater ia ls .  
Examples have been seen at Avco 
This problem i s  pa r t i cu la r ly  
A f i n a l  problem r e l a t i n g  t o  f rac ture  behavior which should be mentioned 
is the  e f f ec t  of intermediate anneals and multiple s t ep  processing on 
extending formability. 
area of resu l tan t  microstructure and i t s  influence on subsequent propert ies .  
It i s  l i k e l y  t h a t  intermediate heat treatments and multiple loading w i l l  have 
some influence on formabili ty and t h i s  area w i l l  be considered both with 
respect  t o  extending formabili ty and developing f i n a l  propert ies .  
Th i s  problem i s  ul t imately re la ted  t o  t he  broad 
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The e n t i r e  problem of microstructural  control  during and after 
deformation processing i s  not well understood; however, it i s  of importance 
both with respect t o  multiple s tep processing and t o  f i n a l  p roper t ies .  
t h e  unrecrystal l ized material having retained d is loc  t i o n  networks and 
s t r a i n  aging9 have been observed i n  t e n s i l e  s tud ies  of MgO. 
should be possible t o  obtain a wide var ie ty  of resu l tan t  microstructures.  
There is ,  however, r e l a t i v e l y  l i t t l e  information concerning the exact 
conditions under which these various phenomena occur, and frequent ly  r e l i a b l e  
predict ions whether or not r ec rys t a l l i za t ion  w i l l  occur cannot be made. 
Both 
- r ec rys t a l l i zed  and unrecrystall ized A1203 have been produced by upset forging;T 
twins.2 I n  addition, e f fec ts  such as polygonization 8 , recovery and apparent 
Therefore,. it 
The problem of re ten t ion  of extremely f i n e  grain s i zes  may be 
pa r t i cu la r ly  bothersome because of the  high r a t e s  of grain growth i n  many 
systems a t  t h e  high temperatures necessary f o r  adequate d u c t i l i t y ,  t h i s  i s  
aggravated by t h e  f a c t  t h a t  concurrent s t r a in ing  may enhance growth rates, 
pa r t i cu la r ly  a t  low s t r a i n  ra tes .”  This has been a problem i n  both upset 
forged A12032 and extruded M g O l  i n  which grain s i zes  have not been obtained 
as f i n e  as can be produced by hot pressing. Because of t he  highly desirable 
propert ies  associated w i t h  f i n e  grained ceramics, th i s  problem w i l l  be given 
ser ious a t t en t ion .  
temperature forging t o  produce unrecrystall ized, f i n e  grained materials w i l l  
be considered. 
Both r ec rys t a l l i za t ion  with grain refinement and lower 
The engineering problems associated with forging are not expected t o  
be l imit ing,  although continued a t ten t ion  to them w i l l  be required.  Graphite 
too l ing  and modified hot pressing equipment will be la rge ly  used. 
ser ious l imi ta t ion  w i l l  probably be t h a t  of chemical reaction; however, 
techniques and separat ing media have been developed i n  hot pressing which 
will be useful .  Tool design w i l l ,  of course, be a s ign i f i can t  area and 
techniques from metal working technolorn will be u t i l i z e d  t o  optimize t o o l  
design; t h i s  i s  an area where feedback between analysis  of forging experiments 
and mechanical tes t  data can be pa r t i cu la r ly  valuable but  reliable 
cons t i t u i t i ve  equations are necessary fo r  e f fec t ive  analysis .  
The most 
B. Mechanical Testing 
I n  order t o  obtain the  mechanical property data which i s  necessary, 
mechanical t e s t i n g  w i l l  be combined with a thorough review of the  l i t e r a t u r e  
for information and data  which are  appl icable  t o  t h e  problem. A s  mentioned, 
t e s t i n g  and forging w i l l  be primarily confined t o  A1203 and MgO w i t h  l imi t ed  
consideration given t o  Ma204 and perhaps other compcsitions i n  t h i s  system. 
keas  t o  be invest igated include the dependence of flow stress on 
temperature, s t r a i n ,  s t r a i n  rate and microstructure and s imi la r ly  the  
dependence of f r ac tu re  upon these same variables  so t h a t  the areas of maximum 
d u c t i l i t y  can be iden t i f i ed .  Both accurate data  which can be used t o  
develop cons t i t u i t i ve  equations and mechanistic understanding will be sought. 
Test ing w i l l  be done i n  several  modes including flexure,  tension and tors ion  
i n  order t o  assess the  e f f e c t  of deformation mode upon d u c t i l i t y .  Where 
feasible, t e s t i n g  will be t o  fa i lure  t o  provide information on both flow 
and f rac ture .  
and Ma204 and 1400-2200% f o r  MgO over r a the r  wide ranges of s t r a i n  rate for 
Invest igat ion i n  the range of 1400-19OOOC i s  planned f o r  A1203 
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both. 
mechanism. 
be u t i l i z e d  t o  provide information on r ec rys t a l l i za t ion  and recovery 
behavior which may a f f e c t  formability. 
Microstructural analysis  w i l l  be u t i l i z e d  t o  provide information on 
Multiple loading, w i t h  and without intermit tent  annealing w i l l  
C: Forging 
The conditions fo r  forging experiments will be d ic ta ted  by the  r e s u l t s  
of t he  mechanical property tests i n  order t o  optimize formabili ty.  
forging w i l l  be used extensively with deep drawing of a hemisphere t o  be 
studied i n i t i a l l y .  
upset forging or extrusion because it generally involves some t e n s i l e  de- 
formation. 
base of understanding f o r  subsequent deformation processing of ceramics. 
a b i l i t y  t o  produce f i n a l  shapes i s  a l s o  desirable  i n  i tself  especial ly  i f  
t he  r e su l t an t  propert ies  cannot be obtained from sintered materials.  
of t he  p l a s t i c  flow during forging and f a i l u r e  analysis  w i l l  be u t i l i z e d  i n  
order t o  allow in t e rp re t a t ion  of the  r e s u l t s  and correlat ion with t h e  mechanical 
property data which w i l l  be obtained. 
provide modifications i n  forging conditions and too l ing  design. 
Shape 
Shape forging is  f e l t  t o  be desirable  i n  comparison with 
While t h i s  i s  a more severe condition it provides a broader 
The 
Analysis 
These r e s u l t s  w i l l  be u t i l i z e d  t o  
A few upset forgings a re  planned t o  provide mater ia l  f o r  evaluation of 
t h e  e f f ec t s  of forging upon subsequent propert ies .  
r e s u l t s  a r e  obtained from such materials, blanks may be upset p r io r  t o  shape 
forging i n  order t o  obtain the  most duc t i l e  mater ia l  possible f o r  the  shaping 
experiments. 
If pa r t i cu la r ly  encouraging 
111. HIGH TEMPERATWE MECHANlCAL BEHAVIOR 
An extensive review of the  l i t e r a t u r e  on deformation of ceramic oxides 
was  undertaken with the  objective of  ident i fy ing  the deformation modes and 
conditions which provide the  greatest  amount of useful  d u c t i l i t y  and t o  gain 
as much information about high temperature f rac ture  mechanisms as possible;  
a b r i e f  summary i s  presented here. It i s  the objective of t h i s  program t o  
work with polycrystal l ine material  so  t h a t  consideration of s ing le  c rys t a l s  
has been l imited t o  t h a t  necessary f o r  an understanding of polycrystal l ine 
bodies. The re f rac tory  oxides (polycrystall ine) display very l imited,  i f  
any, d u c t i l i t y  a t  temperatures below 1/3 t o  1/2 of t h e  melting point so  t h a t  
t he  e f f ec t s  of r e l a t i v e l y  rapid diffusion i n  terms of thermal act ivat ion,  
time dependence and microstructural  i n s t a b i l i t y  must be considered with regard 
t o  bas ic  mechanisms and resu l tan t  microstructures and propert ies .  
The discussion is  presented i n  terms of the  various deformation 
mechanisms of i n t e r e s t ;  however, both deformation per s e  and the  implications 
with regard t o  f rac ture  mode a r e  considered. 
of t h e  pa r t i cu la r  areas  which seem most f r u i t f u l  f o r  invest igat ion i n  t h i s  
program. 
This i s  followed by an enumeration 
A. Deformation and Fracture Behavior 
It seems reasonable t o  categorize the observed behavior i n  terms of 
th ree  d i s t i n c t  mechanisms which may be dominant under appropriate conditions. 
The approach risks oversimplification i n  tha-ti a combination of or t r ans i t i on  
between these mechanisms i s  frequently observed and of ten a c lear  i den t i f i ca t ion  
Of t h e  r e l a t i v e  importance of them is  not possible at the  present time. These 
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are crystallographic s l i p ,  diffusional  creep and a process bes t  i den t i f i ed  
as grain boundary s l id ing  (GBS) which may include a range of par t icu lar  
var ia t ions,  but i s  extensively observed i n  f i n e  grained mater ia ls .  
Deformation by s l i p  has been observed i n  v i r t u a l l y  a l l  of the re f rac tory  
oxides under appropriate conditions and i n  some cases a t  r e l a t i v e l y  low 
temperatures. However, most of these materials do not s a t i s f y  the Mises 
c r i t e r i a  requir ing f ine  operative, independent s l i p  systems f o r  f u l l y  
d u c t i l e  behavior i n  polycrystall ine bodies’’ except under ra ther  l imited 
conditions. If . t h i s  condition i s  not met, s t r e s s  concentrations develop, 
espec ia l ly  a t  grain boundaries and cause microcracks which rapidly lead t o  
f rac ture .  Forging under these conditions w i l l  not be fruitf’ul  and it i s  
important, therefore,  t o  ident i fy  and consider only those conditions under which 
the  Mises requirement i s  m e t .  
s l i p  with the  addi t ional  degrees of freedom provided by non-slip mechanisms 
i s  discussed i n  l a t e r  sections.  
grain boundaries can r e s u l t  from a number of other mechanisms12 and is  not 
per s e  the  r e s u l t  of f a i l u r e  t o  sakisfy the  Mises condition. 
The p o s s i b i l i t y  of l imited s l i p  
It should be mentioned t h a t  cracking a t  
T t e n s i v e  deformation by s l i p  has been studied the most extensively 
i n  MgO. J 9  
on both the  fllO) C l i 0 7  and {OOlJ < l T O >  s l i p  systems which a r e  
necessary f o r  f i v e  independent s l i p  s stems and also,  t o  allow cross s l i p  
at temperatures as low as 800-10000~ .$ However, interpenetrat ion of oblique 
s l i p  bands i s  d i f f i c u l t  below 17OO0c, although reduced s t r a i n  r a t e s  lower 
t h i s  t o  a t  least 1 5 7 0 O ~ . ~ 3  The r e su l t  i s  f u l l y  duc t i le  behavior i n  poly- 
c rys t a l l i ne  MgO cannot be obtained i n  tension below about 17OO0C.8  A t  l e a s t  
l imited d u c t i l i t y  without cracking i s  possible i n  some cases as low as 800’~ 
i n  compression.9 This difference i s  thought t o  r e s u l t  from a reduced tendency 
for crack propagation r a the r  than from a fundamental difference i n  deformation 
mode. 
The resolved c r i t i c a l  shear s t r e s ses  a r e  low enough t o  allow s l i p  
A t  140OoC and above some grain boundary s l id ing  a l s o  occurs which 
probably does not contribute s ign i f icant ly  t o  deformation i n  coarse grained 
mater ia l  where s l i p  i s  predominant and provides a mechanism f o r  f rac ture  a t  
intermediate temperatures. A t  temperatures of 1700°C and above, i f  f rac ture  
does noi; r e s u l t  from GBS or  impurities work hardening i s  su f f i c i en t  t o  
provide neck s t a b i l i t y  f o r  elongations of greater  than 10%. 
temperatures f ine  grain s i zes  a re  not s t ab le  and r e l a t i v e l y  coarse grained 
mater ia ls  r e s u l t .  
A t  these high 
The onset of grain boundary s l id ing  a t  14OO0C and above r e s u l t s  i n  
l imited d u c t i l i t y  a s  the  r e su l t  of nucleation of  cracks and voids. 
behavior i s  very s imilar  t o  t h a t  found i n  many metals a t  intermediate tempera- 
t u re s  .I4 
points,  which lead t o  intergranular f a i l u r e .  8 ,  9 
along grain faces no a l t o  t h e  t e n s i l  axis which can eventually interconnect 
and lead t o  f a i l u r e . c l 5  I n  general , it i s  expected t h a t  the t r i p l e  point 
cracking w i l l  occur at  higher s t resses  and s t r a i n  r a t e s  and 
along the  boundaries w i l l  be predominant a t  lower rates.12,1k A t  higher 
temperatures increased grain boundary migration and lower y ie ld  s t r e s ses  
The 
Cracks develop a t  points of s t r e s s  concentration, pa r t i cu la r ly  t r i p l e  
In  addition, pores develop 
ha t  cavi ta t ion 
-7- 
allowing s t r e s s  re laxat ion a t  t r i p l e  points 
cavi ta t ion and cracking a t  boundaries: when 
become su f f i c i en t  t o  prevent 
t h i s  occurs f u l l y  duc t i l e  behavior 
obtains which allows high elongation.. It, i s  under these conditions t h a t  
su f f i c i en t  work hardening f o r  neck s t a b i l i t y  i s  necessary and quant i ta t ive  
information i s  desirable i n  order t o  analyze forging behavior. 
The temperature a t  which fu l ly  duc t i l e  behavior r e su l t s  has  been 
reported a t  1700-18000~ for  material prepared from r e  rys ta l l ized  s ingle  
c rys t a l s  which had high puri ty ,  pore-free boundaries .g However, o r  hot 
pressed materials t h i s  temperature i s  apparently 22OOOC or  above.' This 
r e s u l t s  from res idua l  porosity and impuri t ies .  Both of these f ac to r s  a re  
expected t o  reduce grain boundary strength and t o  inh ib i t  migration; i n  
addition, impurit ies may r a i s e  the y ie ld  s t r e s s  f o r  s l i p  making s t r e s s  
re laxat ion and conformity more diff j -cul t .  The impurity e f fec ts  a r e  thought 
t o  r e s u l t  from gaseous species not eliminated i n  hot pressing,' from low 
strength or low melting point consti tuents such as recent ly  reported f o r  
weakening due t o  retained LiF i n  Ca0,16 and from the  segregation of so lu te  
which i s  known t o  impede boundary migration.17 
t h a t  t h i s  e f f ec t  of impurit ies on grain boun ary  s l i d ing  and cracking is  
It i s  in t e re s t ing  t o  note 
very similar t o  t h a t  observed i n  Al a l loys .  lt 
Although t h l s  behavior has only been extensively studied i n  MgO, other 
cubic mater ia ls  such as CaO, Zr02, U02, Tho2 and MgA1204 apparently behave 
s imi la r ly .  Ektensive t ens i l e  d u c t i l i t y  has not been reported presumably 
because of material l imitat ions resul t ing from porosi ty  and impurit ies.  
Compressive s tudies  of hot pressed MgAl2O4 indica te  behavior s imilar  t o  t h a t  
of hot pressed MgO i n  t h a t  multiple s l i p  resu l ted  but only small s t r a i n s  
were obtained as a r e s u l t  of cracking whi h w a s  frequently intergranular  
and apparently associated with some GBS.18 The creep behavior of Tho2 and 
U02 appears t o  be controlled by s l i p  mechanismslg and the  c r i t i c a l  resolved 
shear s t r e s ses  for the  necessary s l i p  systems i n  U02 a re  apparently low 
enough t o  be act ivated and correlate  reasonably w e l l  with yield s t r e s ses  i n  
polycrystal l ine material.20 
successfully i n  a s imilar  manner t o  Mg0.l 
Materials from t h i s  group have been extruded 
For the  non-cubic materials extensive deformation by s l i p  i s  much 
more d i f f i c u l t  as a r e s u l t  of the limited s l i p  systems which can be e a s i l y  
act ivated.  
A l ~ 0 3 ~ ~  7 and Be021 apparently involves extensive s l i p .  
the ac t ive  non-basal s l i p  systems operating i n  these polycrystal l ine mater ia ls  
i s  s t i l l  not complete. There is  no information on the  behavior of these 
mater ia ls  i n  tension under similar conditions; however, problems with l imited 
d u c t i l i t y  from s l i p  band interact ion and GBS, as found i n  MgO, must be 
ant ic ipated.  
2 
I 
However, i n  compression a t  18oo0c and above deformation of both 
Ident i f ica t ion  of 
I 
The contribution of twinning should be mentioned a t  t h i s  point .  There 
i s  l i t t l e  information on the contribution of twinning i n  polycrystal l ine 
oxides. 
twinning may be expected t o  contribute somewhat t o  the  deformation of non-cubic 
oxides pa r t i cu la r ly  i n  providing an a l t e rna t ive  t o  non-basal s l i p .  Twinning 
has been seen i n  both coarse and fine-grained A1203,2-a,22 which i s  not 
s ixp r i s ing  i n  view of i t s  frequent observation i n  sapphire under compression. 
By analogy with hexagonal metals where it is  frequently observed, 
23 
-a- 
'.$ 
It i s  unknown whether it was extensive enough t o  a f f ec t  the macroscopic 
flow parameters or whether it affected d u c t i l i t y .  
.- 
Under conditions i n  which s l i p  apparently did not or could not occur 
the  deformation of several  ox'des has been a t t r ibu ted  t o  d i f f i s i o n a l  
creep. I n  the  case of Al.2032B'25 and Be026, where s l i p  i s  d i f f i c u l t ,  
deformation has been observed t o  approximately fit t h e  r e l a t ion  predicted 
by Herring27 of 
13.3 € =  kTG': 
where Q and L a r e  s t r e s s  and s t r a i n  r a t e ;  D i s  the  d i f fus iv i ty ,  G, t he  
grain s i z e  and fl , t he  volume o f t h e  d i f fus ing  species, and kT has the  
usual  meaning. There is ,  however, some uncertainty regarding the  d i f fus ing  
species which i s  l imi t ing  and i n  some cases c lculated values of D a r e  
much higher than measured se l f -d i f fus iv i t i e s .  " Observation has been a t  
temperatures and s t r a i n  r a t e s  too  low t o  ac t iva te  s l i p  and the  mechanism 
is  expected t o  be more favorable r e l a t ive  t o  s l i p  a t  f i n e r  grain s i zes  as 
suggested by Eq. (1). 
The observations of diffusional  creep have invariably indicated 
concurrent GBS which is  as expected i n  view of t he  need f o r  boundary 
relaxat ion necessary f o r  the mechanism t o  operate .28 
of s l i d ing  indicated and the deviation of t h e  observed behavior from t h a t  
predicted by Eq. (1) indicate  tha t  GBS may frequent1 
necessary f o r  accomodation of' d i f fusional  
The considerable amount 
be i n  excess of t ha t  
These mater ia ls  have invariably shown ra ther  l imited d u c t i l i t y  with 
the  onset of accelerated creep rates  occurring a f t e r  only a few percent 
s t r a i n .  Examination has indicated extensive intergranular  cracking which 
i s  thought t o  r e su l t  from the  GBS. There have been no detai led s tudies  of 
t h i s  aspect of t h i s  deformation mode, but it i s  l i k e l y  t h a t  grain boundary 
porosi ty  and impurit ies aggrevate the  problem although it w a s  a l s o  observed 
i n  materials of high density and puri ty .  
Under similar conditions of s t r a i n  r a t e ,  temperature and grain s i z e  
somewhat similar deformation has been reported for ~ g 0 , 1 5  U02,3O and ThO23l. 
The s i tua t ion  i s  not as  c lear  since agreement of the r e su l t s  with Eq. (1) 
has generally not been as good as with A1203 and BeO, and some microstructural  
evidence of GBS and some s l i p  i s  invariably observed. 
i n  view of the greater ease with which s l i p  occurs i n  these materials. A s  a 
r e s u l t ,  it i s  not ce r t a in  whether pure d i f fus iona l  creep w i l l  occur i n  these 
mater ia ls ,  but  i f  so  it w i l l  on lybe  a t  very low s t r a i n  rates and s t r e s ses  
where s l i p  i s  r e l a t ive ly  less l ikely.  
This i s  not surpr i s ing  
This deviation from the  behavior predicted by Eq. (1) becomes more 
pronounced i n  mater ia ls  with f iner  grain s izes  i n  both cubic and non-cubic 
oxides. Similar observations f o r  several  materials wi th  grain s izes  between 
1 and 10 p indicate  t h a t  the predominant mechanism i s  nei ther  s l i p  as seen 
i n  coarser materials nor diffusional creep, but i s  controlled by GBS. There 
-9- 
is  not yet  good agreement on the ,bas i c  mechanisms involved, and there  a r e  
undoubtedly some var iat ions i n  d i f fe ren t  mater ia ls .  
As previously discussed, GBS is frequently observed as a secondary 
mechanism i n  the  deformation of the oxides. I n  coarse grained MgO, GBS 
resu l ted  i n  extensive deformation i n  the  v i c i n i t y  of grain boundaries 
pa r t i cu la r ly  a t  points of constraint  l i k e  t r i p l e  points and boundary jogs 
where fo lds  i n  the adjacent material  were found a s  a r e s u l t  of the  localized 
shear necessary f o r  accommodation. This w a s  in tens i f ied  as corrugations i n  
the  boundaries developed so t h a t  ontinued s l id ing  resul ted i n  extensive 
shear adjacent t o  the  boundaries .8 This w a s  eventually re l ieved by boundary 
migration and by polygonization near t he  boundaries. 
As t he  grain s i z e  i s  reduced the  contribution of GBS t o  t o t a l  s t r a i n  
generally increases as a r e s u l t  of the  increased boundary area. However, 
when the grain s i z e  approaches the width of the highly deformed region 
associated with GBS, it i s  expected t h a t  the contribution of GBS should 
become dominant and t h a t  a change i n  the  microscopic deformation behavior may 
r e s u l t .  A similar  proposal t o  explain superp las t ic i ty  i n  metals has been 
advanced predict ing a marked increase i n  GBS as the g ra in  s i z e  approaches 
t h e  s t ab le  subgrain size.32 
Sliding, of course, cannot proceed without deformation of t he  grains 
and i n  t h i s  context GBS i s  taken t o  imply both the  boundary s l id ing  per se 
and t h e  concomit tant  accommodation processes. 
This condition apparently ex is t s  i n  the  various oxides a t  grain s izes  
of 5 t o  10 p and below a t  appropriate temperatures and s t r a i n  rates: Deform- 
a t ion  is  marked by a high r a t e  sens i t iv i ty ,  a s t rong grain s i z e  dependence 
and frequently by s t r a i n  hardening or  a region of t rans ien t  creep which i s  
much stronger than would be expected from diffusional  creep and i s  similar 
t o  t h a t  observed i n  recovery creep of metals. Microstructural evidence of 
GBS i n  terms of o f f se t  scratches, displaced t r i p l e  points or folded grains 
i s  common. S l i p  t races  are usually seen i n  the  cubic oxides; however, the  
contributions of dis locat ions i s  much more a matter of conjecture i n  A1203 
and BeO. 
22 This behavior has been studied most extensively i n  fine-grained A1203. 
Materials with a 1-2 
1550OC; the  flow stress was highly s t r a i n  r a t e  sens i t ive  with values of 
0.6-0.7 determined f o r  the s t r a i n  r a t e  s e n s i t i v i t y  index, m, defined by the 
r e l a t i o n  : 
grain s i ze  vas very duc t i le  i n  the  range of 1300- 
where Q , and t have been defined and K i s  a mater ia l  constant. The 
s t rong  grain s i z e  dependence w a s  found t o  approximately f i t  t he  r e l a t ion :  
-10- 
The s t r a i n  r a t e s  measured were much greater  than predicted by Eq.  (1) 
using avai lable  self-diffusion data which fur ther  indicated t h i s  behavior 
w a s  d i s t i n c t  from di f fus iona l  creep. 
5 t o  l o p ,  m values increesed up t o  about 0.8-0.9 which was taken t o  ind ica t e  
a t r a n s i t i o n  t o  control  by diffusional  creep a t  la rger  grain sizes.22 
s imi la r  decrease i n  m from nearly 1 a t  13 was seen i n  
support of d i f fus iona l  creep .25 
A s  t h e  grain s i ze  w a s  increased up t o  
A 
t o  0.6 a t  3 
.reviewing e a r l i e r  invest igat ions o f  A1203 which had been interpreted i n  
Limited tests of Be0 of l e s s  than l o p  grain s i ze  indicated similar 
A study of 2 ) ~  
non-Newtonian behavior. 33 
diffusional  creep t o  GBS occurred with increasing s t r e s s .  
A1203 showed a t r a n s i t i o n  i n  m fr m about 1 t o  0.5 w i t h  increased stress 
suggesting a similar transit ion.3'  I n  both of these s tudies  extended peroids 
of s t r a i n  hardening during t rans ien t  creep were observed which provides 
fur ther  support f o r  t he  f a c t  t h a t  t he  process of GBS involves a fundamentally 
non-Newtonian process and i s  not simply a r e s u l t  of intergranular separation. 
This work a l so  suggested that a t r ans i t i on  from 
Microstructural  examination of t he  1-2 p A1203 showed evidence of 
GBS such as displaced t r i p l e  points. 
t h i n  f o i l s  indicated dis locat ions at  some of the  boundaries on which s l i d i n g  
had occurred.22 
w a s  probably non-Newtonian involving grain boundary dislocations and boundary 
migration. The accommodation process was not pos i t ive ly  ident i f ied ;  it w a s  
f e l t  t o  include diffusional  creep and grain boundary migration. ,Some twinning 
w a s  seen providing accommodation a t  points of high s t r e s s  concentration such 
as t r i p l e  points;  however, it was not extensive enough t o  be a control l ing 
mechanism. 
contributed t o  the  necessary grain shape changes; however, t h e  point i s  one 
of uncertainty.  
I n  addition, electron microscopy of 
It w a s  concluded t h a t  the ac tua l  boundary s l id ing  process 
There was no posi t ive evidence t h a t  dis locat ion s l i p  had. 
Rather similar behavior has been observed i n  MgO, U02 and Tho2 although 
t h e  greater  ease of s l i p  i n  these materials makes a c lear  d i f fe ren t ia t ion  
among the  various processes more d i f f i c u l t .  A study of MgO at low s t r a i n  
r a t e s  i n  t h e  temperature range 1100-1~00OC indicated a change i n  behavior f o r  
grain s izes  below 5~ which was indicated by a decrease i n  m from 1 t o  0.67 
and a marked increase i n  act ivat ion energy.15 
grain s i zes  was presumably controlled by d i f fus iona l  creep ra ther  than s l i p  
as a r e s u l t  of the low s t r a i n  r a t e .  
The deformation a t  l a rge r  
Several s tudies  of U02 with grain s izes  below l o p  have revealed similar 
For non-stoichiometric (oxygen r i ch )  material  deformation.has behavior. 
been reported a t  temperatur 
behavior and extensive GE$S.55 I n  the range of 1000-1400°C a marked e f f ec t  of 
stoichiometry was seen i n  which increase oxygen content resul ted i n  much 
higher s t r a i n  r a t e s  and a decline i n  m from 0.8 t o  0.6 going fr m 
mater ia l  t o  the  l i m i t  of the phase f i e l d  f o r  oxygen enrichment. SO? 38 Increased 
d i f f u s i v i t y  with non-stoichiometry would r e s u l t  i n  higher s t r a i n  rates; 
however, t h i s  does not per se explain the  reduction of m. A similar  change 
i n  stoichiometry reduces the resolved c r i t i c a l  shear s t r e s s  f o r  s l i p  on the 
tlF03 <110> 
* This i s  the  more d i f f i c u l t  t o  ac t iva te  s l i p  system i n  U@ and i s  necessary 
i n  addi t ion t o  the  {loo) d l l O >  system t o  s a t i s f y  t h e  Mses  requirement. 
down t o  8 0 0 O c  w i t h  evidence of non-Newtonian 
oichiometric 
system* by a factor  of three or four i n  t h i s  temperature 
-11- 
range and thus apparently increases the  ease of s l i p  i n  polycrystal l ine 
mater ia ls  .20 
re la ted  t o  the ease of s l i p  behavior e i t h e r  i n  terms of material 
accommodation by s l i p  or i n  terms of ac tua l  s l i d i n g  by boundry dis locat ions.  
This correlat ion suggests t h a t  the  non-Newtonian GBS is  
I n  Tho2 of l o p  grain s i ze  a t  low s t r a i n  r a t e s  a combination of GBS 
and d i f fus iona l  creep w a s  suggested. 
t o  0.63 a t  179OoC occurred along with microstructural  evidence of GBS. 
was interpreted as a t r ans i t i on  i n  t h e  control l ing mechanism from accommodation 
by diffusiona creep t o  l imi ta t ion  by GBS or  s l i p  a t  higher temperatures.31 
A reduction i n  m from 0.96 a t  lk30°C 
This 
I n  summary, values of m between 1/2 and 2/3 indicate  t h a t  the process 
i s  l imited by a non-Newtonian process. Although accommodation i n  the  grains 
by s l i p  would seem a reasonable explanation f o r  t h i s ,  s l i d ing  of b i c rys t a l s  
of MgO was a l s o  non-Newtonian and indicated considerable s t r a i n  hardening, 37 
suggesting tha t  the non-Newtonian process i s  intimately re la ted  t o  the  
s l id ing .  The microstructural  observation of GBS i n  1-2 A U O 3  indicaLed 
t h a t  the  dis locat ions were associated more with the boundaries than within 
the  grains.22 
by movement of dis locat ions along it. Observations of dislocations a t  the  
grain boundary a f t e r  s l i d ing  of a U02 b i c r y s t a l  have a l so  been reportedlg 
which lend fur ther  support t o  the  v i e w  t h a t  the  ac tua l  s l i d ing  involves the  
motion of dis locat ions.  Neither o f  these s tudies  ident i f ied  the  Burger’s 
vectors of t he  dis locat ions so that  t h e  exact mechanism cannot be ident i f ied ;  
s imi la r ly  information about t h e  sources of grain boundary dis locat ions 
and the  r e l a t ion  with the  grain accommodation processes is  necessary before 
t h i s  type of process can be completely accepted and understood. 
This suggests t h a t  the  ac tua l  boundary s l id ing  may be l imited 
The mechanism of f rac ture  f o r  mater ia ls  deforming by GBS appears t o  
be l a rge ly  by in t e rc rys t a l l i ne  separation resu l t ing  from the  growth of 
cracks and voids a t  the boundaries. 
t h e  development of small voids a t  t r i p l e  points a s  a r e s u l t  of GBS,22 and 
cavi ta t ion  on the boundaries normal t o  the t e n s i l e  ax is  has been seen i n  
&0,15 73102~973~ and ~ 0 2 3 ~ 9 3 5 .  Investigation of U@ indicated t h  i n t e r -  
would suggest t h a t  a reduced flow s t r e s s  i n  the  grains allows eas i e r  
accommodation and r e s u l t s  i n  less cracking. 
which ease the problem of accommodation and allow eas i e r  boundary migration 
w i l l  r e s u l t  i n  increased d u c t i l i t y  by reducing stress concentrations and 
preventing the growth of crack nuclei. 
a t  t he  boundaries can be expected t o  reduce d u c t i l i t y  by r e s t r i c t i n g  boundary 
migration and weakening the  boundaries. 
The electron microscopy of A120 showed 
granular cracking was more severe f o r  the stoichiometric mater ia l  % which 
It can be expected t h a t  fac tors  
The presence of porosity and impurit ies 
Although a quant i ta t ive study f o r  the oxides at  high temperature does 
not ex i s t ,  several  invest igators  have suggested t h a t  greater  d u c t i l i t y  and 
higher f rac ture  strengths r e su l t  a t  f i n e r  grain sizes. 
appealing f o r  several  reasons. 
s l i d i n g  on each boundary fo r  a given s t r a i n  as seen from the approximate 
r e l a t i o n  f o r  t he  s t r a i n  from boundary s l i d i n g  
This seems i n t u i t i v e l y  
A f i n e  grain s i z e  reduces the  amount of 
iz = knT (4) 
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where E i s  the  s t r a in ;  n, t h e  number of boundaries per un i t  length,  and 
1 
and k, a geometric constant near unity. 
from s l id ing ,  as has been shown f o r  C U , ~ ~  then the reduced s l i d i n g  per 
boundary should r e s u l t  i n  l e s s  severe cavi ta t ion at a given s t r a i n .  
increase i n  grain s i z e  r e su l t s  i n  a change i n  mechanism then t h i s  argument 
w i l l  no longer hold.) 
- 
i s  the  component of the  mean s l id ing  distance i n  the d i rec t ion  of i n t e r e s t ;  
I f  the  cavi ta t ion r e s u l t s  d i r e c t l y  
( I f  an 
- 
Finer grain s i zes  should also reduce s t r e s s  concentrations and thus 
reduce the  tendency fo r  cracking. 
relaxed by s l id ing ,  then a large s t r e s s  concentration w i l l  develop at the  
points  of constraint  where s l id ing  i s  r e s t r i c t e d  such as t r i p l e  points or  
ledges. This s t r e s s  concentrat'on w i l l  be proportional t o  where 2c i s  
the length of relaxed boundary." This w i l l  be approximately the  s i z e  of 
the grain boundary face ts ,  unless constraint  a t  ledges reduces it. As a 
r e s u l t  f i n e r  grained materials should develop l e s s  severe s t r e s s  concentrations 
a t  obstacles thus reducing the tendency f o r  crack formation. 
f ac to r s  are both s ignif icant ,  addi t ional  fac tors  r e su l t i ng  from differences 
i n  GBS mechanisms may prove t o  be equally important. 
If the  shear s t r e s s  on a boundary i s  
Although these 
For a system i n  which there  i s  su f f i c i en t  accommodation and boundary 
The high s t r a i n  r a t e  s e n s i t i v i t y  which e x i s t s  w i l l  provide 
migration t o  allow extensive GBS without cavi ta t ion large elongations should 
be obtainable. 
excel lent  neck s t a b i l i t y 4 I  eliminating the  need f o r  s t r a i n  hardening f o r  
t h i s  purpose. 
mechanism i s  unknown as are  the possible e f fec ts  upon f rac ture  s t r e s s .  
it seems l i k e l y  t h a t  the most c r i t i c a l  problem i s  the elimination of grain 
boundation cavi ta t ion and cracking both fo r  good d u c t i l i t y  and t o  prevent 
degradation of subsequent properties.  
The ac tua l  amount of s t r a i n  hardening expected with t h i s  
However, 
B. Areas f o r  Investigation 
Several areas a r e  indicated as f r u i t f u l  f o r  fur ther  invest igat ion and 
forging attempts. The above review suggests two a l te rna t ive  approaches as 
most promising f o r  i n i t i a l  investigation. One, it i s  t o  take advantage of 
the known d u c t i l i t y  avai lable  from GBS i n  very f ine  materials; A1203 is  
the  most appropriate material f o r  invest igat ion i n  t h i s  area.  
a l t e rna t ive  i s  t o  forge under conditions where full d u c t i l i t y  from s l i p  can 
be obtained; f o r  t h i s  MgO appears t o  be the most appropriate mater ia l .  
Alternatives f o r  both of these processes u t i l i z i n g  MgAl204 a l s o  a re  worthy 
of invest igat ion.  
The second --a 
The work t o  date  suggests that  i f  su f f i c i en t  understanding of GBS can 
be obtained t o  prevent boundary cavitation, then s igni f icant  elongation 
should be obtained. 
as high as 7% can be obtained i n  1-2 p A1203 without evidence of i n t e r -  
granular separation. 42 
temperature and s t r a i n  r a t e  ranges i n  which optimum d u c t i l i t y  r e su l t s ,  data 
on flow s t r e s s  dependence and some mechanistic understanding. 
This i s  supported by r e su l t s  which indicate  t h a t  s t r a i n s  
Investigation should include ident i f ica t ion  of the 
The A1203 + 1/4$ MgO system w i l l  be u t i l i z e d  i n i t i a l l y  f o r  study i n  t h i s  
area.  
the  system is  exceptionally s tab le  with respect t o  grain growth. For M g O  
of high densi ty  and puri ty ,  grain growth i s  su f f i c i en t ly  rapid t h a t  grain 
High qua l i ty  mater ia ls  of about 11" grain s i ze  can be prepared and 
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s i zes  $elow about 5 - 1 0 ~  are not s tab le  a t  1 4 0 0 O C  even for r e l a t i v e l y  shor t  
t i m e s .  3 
grain s i zes  i s  desirable  f o r  subsequent propert ies .  
This approach i s  a l s o  desirable since the  re ten t ion  of f i n e  
The work t o  date  has indicated the  f u l l y  duc t i l e  behavior by s l i p  
does not occur u n t i l  a t  least  18000~ and t h a t  f o r  hot pressed mater ia ls  it 
may be as high as 220OOC. These r e su l t s  were born out by the  extrusion work 
by Rice i n  which greater  problems resul ted with hot pressed bodies than w i t h  
s inglk c rys t a l s  o r  fused material.’ 
made t o  obtain high puri ty ,  high density materials and that  invest igat ion 
should be primarily concentrated a t  temperatures i n  excess of 2 0 0 0 O C .  
This ind ica tes  t h a t  every e f f o r t  be 
The eventual forging invest igat ion of Mal204 i s  f e l t  t o  be warranted 
for severa l  reasons. 
t o  provide adequate d u c t i l i t y  f o r  forging, and i n  f a c t ,  i s  the  n ly  oxide 
i n  which the  primary system provides f i v e  independent systems .I* Invest igat ion 
of it may provide ins ight  i n t o  addi t ional  problems which may be posed by a 
mixed oxide compound. 
This system apparently has su f f i c i en t  s l i p  systems 
The des i re  f o r  a f i n e  grained system which i s  s t a b l e  at  high temperatures 
may be provided by two phases compositions i n  t h e  Al203-M@ systems. 
s tud ies  with a series of compositions between MgO and IvlgAl2O4 indicated 
considerably higher s t r a i n  rates under comparable conditions fo r  intermediate 
compositions r e su l t i ng  i n  two-phase microstructures .44 
the  r e s u l t  of t h e  f i n e r  grain s i ze  obtained i n  the  two phase materials under 
similar conditions. This system should a l so  provide in t e re s t ing  mechanistic 
ins ight  s ince both phases are r e l a t ive ly  duc t i le .  Fine-grained, two phase 
compositions of A1203 and MgAl204 would a l s o  be expected t o  provide a s t ab le ,  
f i ne  grained s t ruc tu re  and invest igat ion should provide ins ight  i n t o  
mechanisms involved i n  GBS. 
Creep 
This was  apparently 
IV. MECHANICAL TEST RESULTS 
During t h e  first quarter  a bend t e s t i n g  r i g  w a s  modified t o  allow 
greater displacement so  t h a t  outer f i be r  s t r a i n s  of up t o  541, could be obtained 
i n  &-point bendings. A series of tests were planned of a ra ther  exploratory 
nature  t o  provide some ins ight  i n to  Khat might be expected a t  la rger  s t r a i n s  
than had previously been studied using A1203 of 1 - 2 ~  grain s i z e  a t  moderate 
temperatures. An i n i t i a l  series of tests was planned f o r  1 4 5 O o c  over a 
range of s t r a i n  rates i n  which the  e f f e c t s  of unloading and reloading, 
reloading a f t e r  various hold times, reloading a f t e r  annealing a t  higher 
temperature and reversed loading could be invest igated.  
des i rab le  i n  order t o  provide addi t ional  ins ight  i n t o  the  deformation 
mechanism a s  wel l  a s  t o  iden t i fy  areas which a r e  worthy of addi t iona l  
inves t iga t ion ,  
i den t i f i ed  as GBS it was desired t o  avoid the  use of temperatures high 
enough t o  cause s igni f icant  grain growth e i the r  during annealing o r  deformation. 
The test schedule called f o r  bending the  samples t o  the  l i m i t  of t he  machine, 
58, outer  f i b e r  s t r a i q a n d  then reversing them and bending them back again 
so t h a t  a 16 t o t a l  range was established a f t e r  the  f i r s t  bend. 
of rebending could be continued through several  cycles or u n t i l  f a i l u r e  
occurred. 
This w a s  f e l t  t o  be 
Since the  deformation mechanism has previously been t en ta t ive ly  
The process 
. 
The materials t o  be tes ted  a re  hot pressed A1203 + 1/4% MgO of > 99.7% 
densi ty  and averages s t a r t i n g  g r a i n  s izes  of about 1 - 2 ~ ;  these were similar 
t o  materials tested on a previous program,which provides background inform- 
a t i o n  on the  behavior .*2 
This series of t e s t i n g  are not yet  complete although a number of 
i n t e r e s t i n g  r e s u l t s  h a d  been obtained which have caused the series t o  be 
extended somewhat. The mechanical t e s t i n g  i s  being coupled w i t h  a r a the r  
extensive microstructural  exdmination of t he  samples. Examination has been 
primarily with r ep l i ca  e lectron microscopy because of t he  small grain s i ze .  
Transmission microscopy of t h i n  f o i l s  i s  planned f o r  l a t e r  i n  t h e  program. 
Since t h i s  series i s  not yet complete, comprehensive coverage w i l l  
not be attempted. 
implications with respect t o  the  GBS mechanism discussed. The combined 
s t r e s s - s t r a i n  curve f o r  a typ ica l  specimen is  presented i n  Figure 1. 
s t r a i n  i s  calculated from deflect ion measurements taken with a sapphire probe, 
measured with an L V "  and continuously recorded. 
values presented have been calculated using the  e l a s t i c  equation: 
Some typ ica l  r e su l t s  w i l l  be presented and the  
The 
The outer f i b e r  stress 
G =  
where P i s  t h e  load; 
specimen height; and 
been developed which 
3 Pa 
bkT2 ( 5 )  
a, t h e  moment arm, b t h e  specimen width and h the  
therefore,  are only approximate. li technique has 
w i l l  be used t o  analyze,@end tes t  data and reduce them 
t o  t r u e  s t r e s s  values i n  the  p l a s t i c  
f i b e r  stress of 
This gives a value of outer 
where 
Pa. 
bhz G =  + 
where M i s  the  bending moment; Q , t h e  included angle of bending, and 9 , 
t h e  rate of bending. This procedure cannot be applied u n t i l  a series of 
can be determined over a range of 
s t r a i n s  and r a t e s .  Previous ablished an approximate value of 0.6 
tests are completed so t h a t  
for mb i n  t h i s  range2* so t h a t  t h e  e l a s t i c  calculat ion of stress used f o r  
preliminary purposes i s  seen t o  have a maximum error i n  t h e  range of 13%. 
Several  i n t e r e s t i n g  points can be seen from Figure 1 which merit some 
comment. 
hardening e f f ec t  starts t o  develop; with each successive cycle the  r a t e  of 
work hardening increases.  I n  addition, a very s t rong  Bauschinger e f f ec t  
(reduced y i e ld  stress on reversed s t r a i n s )  can a l s o  be seen which tends t o  
diminish somewhat i n  magnitude w i t h  successive cycles, but does not vanish. 
Final ly ,  there  i s  an indicat ion of' some type of y i e ld  phenomena. 
A f t e r  the  first couple percent of s t r a i n  a ra ther  s t rong s t r a i n  
These r e s u l t s  
, 
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are summarized i n  Table I i n  which the  approximate yield s t r e s s ,  
max imum s t r e s s  and the f i n a l  stre'ss a r e  presented f o r  each cycle; i n  
addi t ion,  t he  l i n e a r  rate of work hardening f o r  the  s teep pa r t  of each 
curve i s  also presented. 
t he  
TABL;E I 
FLOW STRESSES AND STRAIN HARDENING FOR TYPICAL SPECIMEN 
1 2 3 4 5 - - Bend Cycle 
Gyield 5,100 4,300 4,800 7,600 11,700 psi  
Gmax 8,200 17,300 17,100 19,500 15,500 psi 
k n a l  7,600 14,000 13,900 16,400 ( f rac ture)  p s i  
8 1.0 x 105 1.5 x lo5 2.5 x 105 2.5 x 105 4.1  x lo5 psi  
S t resses  are apparent stresses calculated using the e l a s t i c  beam equation. 
e is  t h e  l i n e a r  rate of work hardening given by Q = dG . 
dE 
Specimen FLUX-30. -
This t a b l e  gives a dramatic picture  of the  magnitude of the  Bauschinger 
e f f e c t  where the  y ie ld  s t r e s s  on reverse loading was generally less than 
half  of t h a t  a t  t he  point of unloading. 
ra t iona l ized  i n  terms of the  r e l i e f  of stresses a t  t r i p l e  points and other 
obstacles t o  s l id ing;  upon reversa l  of t he  s l id ing ,  t h i s  i s  thought t o  be 
the  cause of t ane la s t i c  recovery which has been observed after creep of 
Be0 and Al203. '' Whether t h i s  can account f o r  t he  e n t i r e  e f f ec t  i s  uncertain 
a t  t h e  present,  but  seems unlikely.  
T h i s  behavior can be p a r t i a l l y  
It i s  in t e re s t ing  t h a t  t h e  magnitude of t h e  Bauschinger e f f ec t  tends 
t o  be reduced with successive cycles both i n  terms of t h e  magnitude of t he  
y i e ld  stress and the  amount of s t r a i n  before rapid work hardening begins. 
This ind ica tes  t h a t  s l i d i n g  back and f o r t h  does not occur i n  a revers ib le  
manner, but t h a t  a continual hardening process occurs. 
Several  of the  curves suggest t h e  occurrence of a y ie ld  phenomena 
of some type and one of t he  reloading curves i n  bend #1 and i n  bend #2 
suggest a strengthening of t he  yield phenomena similar t o  t h a t  obtained i n  
' s t r a i n  aging'. Some of the  other specimens showed even more marked 
behavior with s l i g h t  yield drops i n  a f e w  instances.  
var ia t ion  i s  not understood a t  t h i s  time. 
The cause of t h i s  
The cause of t h e  i r r e g u l a r i t i e s  i n  the  curves i s  not known at  present .  
It i s  possible  t h a t  they are caused by s l i d i n g  of t h e  specimen along the  
knife edges and every e f f o r t  i s  being made t o  evaluate t h i s  poss ib i l i t y .  
It i s  thought s ign i f icant ,  however, t h a t  the  i r r e g u l a r i t i e s  become more 
pronounced a t  higher s t r e s ses .  It i s  possible  t h a t  they are associated 
with e i t h e r  irregular s t r a in ing  or cracking i n  t h e  sample. 
observed i n  t h i s  sample; however, similar i r r e g u l a r i t i e s  have been seen for 
specimens i n  which cracks were not found. 
Cracking was 
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A crack was  found i n  the t ens i l e  surface of t h i s  specimen a f t e r  
the  second cycle which w a s  somewhat disappointing i n  terms of i t s  ea r ly  
appearance and surpr is ing i n  terms of the  a b i l i t y  of the mater ia l  t o  wi th-  
stand it. The crack can be seen i n  Figure 2-a as it appeared a f t e r  t he  
second bend and i t s  growth a f t e r  t h e  fourth bend i s  seen i n  Figure 2-b; the 
bar  developed a s t r e s s  of over 15,000 p s i  even with t h i s  crack i n  i t .  
Similar cracks were not seen on the opposite surface.  
are being analyzed i n  an attempt t o  develop some understanding of t h e i r  
cause and an indicat ion of how t o  prevent them. 
a crack would provide a severe s t r e s s  r a i s e r  a t  lower temperature even if it 
were s t ab le  a t  high temperature. 
Failures such as t h i s  -
It i s  obvious t h a t  such 
Microstructural examination has been done on several  of t h e  specimens 
us ing  rep l ica t ion  of t he  as-deformed surface.  
surfaces i n i t i a l l y ,  but thermally etched rapidly.  Two micrographs a r e  
presented i n  Figure 3 which are from the  opposite faces of a specimen which 
had f a i l e d  i n  the  sixth cycle and had exhibited s imilar  behavior t o  t h a t  
i n  Figure 1. Several i n t e re s t ing  features  can be seen i n  Figure 3-a which 
a r e  suggestive of extensive GBS including corrugated boundaries, displaced 
t r i p l e  points and wide, i nd i s t inc t  boundaries suggestive of extensive shear 
and migration. 
gonization or r ec rys t a l l i za t ion  at one or two of t h e  t r i p l e  points.  
The specimens had ground 
There i s  a l s o  a suggestion of the development of poly- 
Similar features a r e  seen i n  Figure 3-b w i t h  many w a v y  boundaries. 
I n  addition, the  grain faces have a dimpled appearance which i s  suggestive 
of some type of substructure but has not yet  been ident i f ied .  
These microstructures indicate extensive GBS has occurred. I n  addition, 
they indicate  severa l  features  which a re  typ ica l ly  associated with s i i p -  
GBS in te rac t ions  i n  metals. The development of corrugated g ra in  boundaries 
and polygonization a t  boundaries ha e 
in te rac t ions  with grain boundaries .8, lt, 38 een explained i n  terms of s l i p  band 
Unfortunately, the  rapid thermal healing and facet ing from thermal 
e tching made the  detection of folds from local ized s l i p  a t  t r i p l e  points or  
of s l i p  t races  nearly impossible even i f  they had existed.  
deep thermal etching of t h e  grain boundaries probably resul ted from the 
high s t r a i n  as wel l  as the applied s t r e s s  so t h a t  an indicat ion of i n t e r -  
granular separation i s  not possible from these surface repl icas .  
Similarly, the  
There was  an indicat ion of s t r a i n  enhanced grain growth i n  t h i s  
specimen. 
surface where s t r a i n  i s  a maximum and near the  center of t he  bar where it 
i s  nearly zero. Values of 1 . 5  and 1 . 8 ~  were found near the  surfaces and 
1 . 3 ~  near the center.  Similar measurements a re  being made on other specimens 
i n  order t o  es tab l i sh  the  va l id i ty  of these r e su l t s .  
growth i s  indicat ive of the amount of s t r e s s  or s t r a i n  enhanced grain 
boundary migration which occurs. 
Grain s izes  were determined from the  f rac ture  surface near each 
This type of grain 
Several of the  mechanical observations such a s  a strong rate of work 
hardening, an apparent yield point, a strong Bauschinger e f f ec t  and ' s t r a i n  
aging' a r e  typ ica l ly  explained by dis locat ion mechanisms including d i s -  
locat ion interact ions,  dis locat ion locking and par t icu lar ly  i n  oxide s ingle  
c rys t a l s ,  dis locat ion multiplication mechanisms. 13723~47 I n  addition, the 
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Figure 2. Crack seen i n  Surface of Specimen FLUX-30 during 
Multiple Bending, ( a )  after Bend No.  2, (b)  af ter  
Bend No. 4. 
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Figure 3 .  Replica Micrographs from Specimen FLUX-27 a f t e r  
Fai lure  dur ing  Sixth Cycle, ( a )  Surface IBl, (b)  
Surface ‘ A 1 .  
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microstructural  observations a l so  are suggestive of dislocation contributions 
t o  t h e  s t r a i n  by grain shape change, This poss ib i l i t y  i s  i n  conf l ic t  with 
severa l  fac tors .  The flow s t r e s s  of these f ine  grained polycrystals i s  even 
lower than t h a t  of basal  s l i p  i n  sapphire under many conditions and i ts  much 
lower than t h a t  of the non-basal s l i p  systems i n  sapphire. In  addition, 
t he re  i s  no d i r ec t  evidence of s l i p  contributions from etch p i t  i den t i f i ca t ion  
or transmission microscopy fo r  polycrystall ine materials except f o r  somewhat 
This i s  somewhat inconslusive, however, i n  view of the r e l a t ive  ease with 
which dis locat ions can be anihilated a t  grain boundaries i n  f ine  grained 
mater ia ls .  
coarser grained mater ia l  upset forged a t  temperatures of 1800Oc and above. 2 
I n  order t o  f a c i l i t a t e  such a comparison f lexura l  flow s t r e s s  data 
f o r  severa l  polycrystal l ine materials a re  plot ted versus temperature i n  
Figure 4 along with upper yield s t r e s s  data f o r  s l i p  on several  s stems i n  
a l l  data a r e  for a tensile s t r a i n  r a t e  of 4 x 10-5 sec- l .  ~ ~ ~ % ~ E 8  and compressive23 yield s t r e s s  of basal s l i p  i n  sapphire i s  shown; 
the stress i s  t h e  t e n s i l e  s t r e s s  for  a nominal 600 orientation. The 
s c a t t e r  i n  the  compressive yield a t  lower temperatures i s  due t o  concurrent 
twinning. 
which resu l ted  i n  s l i p  on what was presumed t o  be rhodmhedral s l i p 4 9 * i s  
p lo t ted  along with a point fo r  rhombohedral s l i p  i n  a ~ h i s k e r . 5 ~  
is  the  upper y ie ld  stress necessary t o  ac t iva t e  basal  kinking i n  compression 
of goo sapphire since t h i s  can also provide deformation normal t o  t h e  basa l  
plane. 49 
Data f o r  
I n  addition, t he  upper y ie ld  s t r e s s  for compression of 00 sapphire 
Also p lo t ted  
It can be seen t h a t  t h e  flow s t r e s ses  f o r  t he  f ine grained polycrystal l ine 
mater ia l  i s  generally lower than the basal yield s t r e s s  and more than an 
order of magnitude below tha t  f o r  rhombohedral s l i p .  On t h e  surface t h i s  
suggests t h a t  s l i p  i n  the  f i n e  grained polycrystal l ine mater ia l  should not 
be s ign i f icant .  This conclusion cannot be f i n a l l y  accepted without a greater  
understanding of the fac tors  controll ing the y ie ld  s t r e s s  i n  sapphire. 
sharp y i e ld  s t r e s s  f o r  basal s l i p  i n  sapphire i s  apparently t h e  r e s u l t  of 
t he  dis locat ion multiplication process. However, it i s  not cer ta in  a t  tk 
present whether t he  stress leve ls  measured a re  those required t o  overcome 
t h e  Pe ier l s  s t r e s s  with the  a id  of thermal act ivat ion,  or are  determined by 
a dis locat ion climb process.51 
then similar s t r e s ses  would have to  be developed i n  polycrystall ine materials 
t o  ac t iva t e  basa l  s l i p .  If, however, the  basa l  s l i p  yield s t r e s s  i s  
determined by the  s t r e s s  necessary f o r  dis locat ion multiplication, perhaps 
involving dis locat ion climb, then i f  GBS could provide an eas i e r  mult ipl icat ion 
mechanism,basal s l i p  would occur a t  lower resolved s t resses  than  i n  those 
measured i n  sapphire. 
s l i p  i n  A1203 presumabl requires the creation of Frank-Read sources by a 
process such as climb. 23, 52 However, several  mechanisms have been proposed 
f o r  t he  creat ion of dis locat ions a t  boundaries and recent evidence i n  metals 
ind ica tes  t h a t  t he  process of boundary s l i d i n g  occurs by the  movement 
grain boundar d 's locat ions and resu l t s  i n  the  emission of dis locat ions i n t o  
t h e  l a t t i c e  .59,5' Presumably, such a mechanism could be equally applicable 
t o  rhombohedral as t o  basal  s l i p .  
on e i t h e r  sapphire or  polycrystall ine a203 to resolve t h i s  question a t  t h i s  
time. 
The 
I f  they are l imited by the  Pe ier l s  b a r r i e r  
This i s  not unreasonable since the lack of cross- 
There i s  insuf f ic ien t  information avai lable  
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v. FUTURE WORK 
The test  se r i e s  s t a r t ed  during t h e  first quarter  w i l l  be finished 
during the  next quarter and t h e  resu l t s  analyzed t o  pravi.de guidance f o r  
t h e  remainder of the  program. Emphasis will continue to be upon the  
behavior of Al2O3; an  addi t ional  se r ies  of tests designed t o  provide 
fur ther  information on the grain s ize  dependence i s  planned. 
t o r s ion  t e s t i n g  a r e  planned a f t e r  the  f l exura l  t e s t i n g  i s  finished i n  
order t o  provide continuous t e s t ing  t o  higher s t r a i n s  and t o  f a i lu re .  
Tension and 
The irzltial forgings are planned f o r  the  t h i r d  quarter.  I n i t i a l  
and a coarse grained MgO a t  high temperature. 
e f f o r t s  will be the  deep drawing of a hemisphere u t i l i z i n g  a fine-grained 
A l  0 2 3  
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